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Whole-genome nucleotide sequencing has revolutionized the genetic, biochemical and molecular biology research on bacteria and
indeed, many higher organisms. The genome sequences of the strains of two subspecies of Lactococcus lactis, L. lactis subsp. lactis
and L. lactis subsp. cremoris, have been determined. These genomic sequences have permitted two important new approaches to be
applied in the research of L. lactis. The analysis of the regulation of expression of all genes under speciﬁc circumstances at a given
point in time is now possible by DNA microarray technology. The elucidation of the full protein complement of the organism as a
function of intrinsic or external factors has been made possible by high-throughput protein identiﬁcation and analysis techniques
combined with the gene-derived know-how of the total protein encoding capacity of the genome. These techniques from the genom-
ics arena, transcriptomics and proteomics, have been recently implemented in the study of various aspects of growth and functioning
of L. lactis. In this paper we discuss a number of similarities and diﬀerences between the two lactococcal genome sequences and
review the current status of genomics research in L. lactis. We also propose future directions with respect to both answering fun-
damental questions more quickly and more completely, as well as opening new avenues for biotechnological applications.
 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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Lactococci have a long history of use in milk fermen-
tations, from small-scale traditional operations on the
farm or in the family home to ever-increasing industrial
scale processes. The consequent need for more robust,
eﬃcient and ﬁne-tuned manufacturing practice has led
to a sharp increase in fundamental and applied research
on the bacterial species involved, Lactococcus lactis.
Tremendous advances have been made in unravelling
the genetics and molecular biology of these economi-
cally very important microorganisms. Many tools and
techniques have been developed to genetically dissect
L. lactis, such as plasmid cloning vectors and transfor-
mation methods, various (inducible) gene expression
vectors and methodologies to introduce any mutation
in speciﬁed regions of the genome of L. lactis. Thus, this
organism has become the paradigm of lactic acid bacte-
ria (LAB) and the second-best studied gram-positive
bacterium, only surpassed by Bacillus subtilis. The in-
creased knowledge of the genetics, physiology and
molecular biology of L. lactis has allowed deep under-
standing of the traits that are of utmost importance
for the industrial processes in which the organism is
used. The route, e.g., by which it takes up and metabo-
lizes lactose, leading to the rapid pH-drop during milk
fermentation, its ability to degrade proteins and peptides
necessary for proper cheese ﬂavour development or its
capacity to produce diacetyl have all been extensively
studied. It has also allowed us to learn more about the
organisms bacteriophages and to prevent the damaging
eﬀects these viruses can have on the industrial processes.
Entirely new directions of studying and modifying
L. lactis are possible with the advanced genetic engineer-
ing techniques that are currently at the disposal of aca-
demic and industrial scientists. Some recent highlights
that may exemplify the breath of possibilities are (1)
the wilful rerouting of metabolism in L. lactis in such
a way that it produces alanine [1]; (2) the modiﬁcation
of L. lactis to overproduce the vitamin folate to suchan extent that the strain could, in principle, be used in
functional-food formulations [2]; (3) the heterologous
secretion of human interleukin-10 by L. lactis and the
eﬀectiveness of live lactococcai cells in treating chemi-
cal-induced colitis in mice [3]. The latter may be an illus-
tration of the potential to use this bacterium for oral
delivery of therapeutic molecules [4,5]. On another level,
the relatively simple metabolic activity, low proteolytic
capacity and genetic amenability make it an ideal organ-
ism to (over)express foreign (membrane) proteins [6,7]
or to clone and study pathogenicity factors of related
(low-GC gram-positive) pathogens [8].
The scope of research possibilities, and thus of study-
ing existing or novel application potential of L. lactis,
has recently expanded through the elucidation of the
nucleotide sequence of the genome of L. lactis. This
has allowed devising full-genome DNA-microarrays
for the two laboratory strains L. lactis subsp. lactis
IL1403 and L. lactis subsp. cremoris MG1363. Together
with developments in high-throughput protein analysis
these genomics techniques will deepen our understand-
ing of the functionality of L. lactis by oﬀering a global
view of how the organism reacts to changes in its inter-
nal and external environment. They will prove to be of
eminent importance for the development and/or selec-
tion of improved strains for the existing and novel
(food) applications.
The aim of this paper is to summarize the current
knowledge on functional genomics of lactococci and to
examine the future perspectives of genome mining and
experimental genomics research on L. lactis.2. Genome plasticity in L. lactis
Bacteria can be divided into two large groups with re-
gard to the stability of their genomes ([9] and references
therein). One group consists of bacterial species of which
the genomic organization is highly variable, such as
Bacillus cereus and Pseudomonas aeruginosa. L. lactis,
J. Kok et al. / FEMS Microbiology Reviews 29 (2005) 411–433 413on the other hand, belongs to the group of bacteria with
relatively stable genomes, which includes the paradigm
species B. subtilis and Escherichia coli. Nevertheless, ge-
netic rearrangements have been observed early on when
the two laboratory strains L. lactis ssp. cremoris
MG1363 and L. lactis ssp. lactis IL1403 and several
other strains of L. lactis were compared [10–12]. L. lactis
MG1363 is a plasmid-free derivative of L. lactis ssp.
cremoris NCDO712, the progenitor of the NCDO712
family of strains, which diﬀer with respect to plasmid
or prophage DNA, the location of the conjugative sex
factor (either absent or present as a low-copy-number
plasmid or inserted into the chromosome), or the pres-
ence of a region encompassing the genes specifying the
oligopeptide transport system Opp [13–18]. In-depth
analyses using restriction enzyme digestions in combina-
tion with pulsed-ﬁeld gel electrophoresis revealed the
presence of ﬁve macro-restriction fragment length poly-
morphisms (macro-RFLPs) [19]. Using a physical map
of the chromosome of L. lactis MG1363, the ﬁve
macro-RFLPs could be assigned to certain genetic
events at ﬁve particular regions in the MG1363 genome
[19] (see Fig. 2 from Campo et al. [9] for a comprehen-
sive picture of the rearrangements). Homologous recom-
bination between two copies of IS905 was shown to be
the cause of a large inversion of half of the chromosome
in L. lactis NCDO763 [20]. Although several of the
strains of the NCDO712 family were reported to be free
of prophages, phage-related elements were present in
their chromosomes. In fact all strains carried a defective
phage-related region [20], while seven out of nine strains
investigated carried an additional 40-kb excisable
uncharacterized prophage [19]. The opp–pepO region is
part of an approximately 25-kb transposon-like struc-
ture that is located on a plasmid in certain strains, in
the chromosome of others, or absent altogether. This
structure is present in a region of the genome of L. lactis
MG1363 that is prone to DNA insertion and recombi-
nation (see below). Thus, as concluded by Campo
et al. [9], two isogenic L. lactis laboratory strains can dif-
fer with respect to genomic content by more than 5% by
the presence of large excisable elements such as pro-
phages and transposon-like structures.Table 1
Comparison of characteristics of nucleotide sequences of L. lactis
IL1403 and L. lactis MG1363
Strain L. lactis MG1363 L. lactis IL1403
Size (Mb) 2.53 2.37
Nr. of ORFs 2500 2310
Total GC % 35.8 35.4
GC % ORFs 36.7 36.1
Nr. phage genes 200 293
Phage DNA (kb) 134 293
IS elements 92 523. The genetic content of L. lactis
The genome sequences of L. lactis ssp. lactis IL1403
[21] and L. lactis ssp. cremoris MG1363 (Zomer, A.,
Wegmann, U., OConnell-Motherway, M., Buist, G.,
Goesmann, A., de Jong, A., Gasson, M., Shearman,
C., Kuipers, O., van Sinderen, D. and Kok, J., unpub-
lished) have been sequenced to completion, while that
of the L. lactis ssp. cremoris strain SK11 is nearing com-
pletion [22] (www.jgi.doe.gov). A comparison of the ge-
netic content of the two fully sequenced strains is givenin Table 1. The chromosome of L. lactis MG1363
(2.53 Mb) is 160 kb larger than that of L. lactis IL1403
(2.37 Mb) and has an average GC content of 35.8%.
Consequently, because of its larger size, the MG1363
genome encodes more proteins: while the IL1403 gen-
ome speciﬁes 2270 predicted proteins larger than 60 ami-
no acid residues, that of MG1363 carries at least 2459
protein-encoding genes larger than 60 amino acid resi-
dues, with an average size of 872 bp. This results in a
coding density of approximately 85% for both complete
sequenced Lactococcus genomes, which is similar to
what has been observed for genomes of related organ-
isms. Six hundred and eighty-four of the deduced amino
acid sequences of L. lactis MG1363 are not present in
L. lactis IL1403; of these proteins 199 have been de-
scribed before in other lactococcal strains, 281 are simi-
lar to non-lactococcal proteins while the remaining 204
proteins did not show any homology to other proteins
in data bases (based on blast searches against the non-
redundant protein database with an E-value cut-oﬀ of
1020). Similarly, 367 of the deduced amino acid se-
quences of L. lactis IL1403 are not present in L. lactis
MG1363 (based on blast searches against the L. lactis
MG1363 proteins with an E-value cut-oﬀ of 1020).
Using automated COG function prediction a putative
function could be assigned to 1887 of the L. lactis
MG1363 open reading frames (ORFs) (77%), which is
similar to the results obtained for IL1403 (1789 of the
2270 ORFs (79%)). A comparison of the locations of
the ORFs in the genome of L. lactisMG1363 with those
of L. lactis IL1403 illustrates the presence of the large
chromosomal inversion described above (Fig. 1).
3.1. IS elements and prophages
The number of IS elements in L. lactis MG1363 was
determined by aligning all putative proteins speciﬁed by
the MG1363 genome on the non-redundant protein
database provided by NCBI using the BLAST algorithm
[23]. L. lactis MG1363 contains at least 10 diﬀerent IS
elements whereas L. lactis IL1403 carries six diﬀerent
IS elements (Table 2) [21]. The IS elements in L. lactis
MG1363 comprise a total of 66 kb of DNA. The IS ele-





















Lactococcus lactis MG1363 (Mb)
Fig. 1. Dot plot of the positions of homologous ORFs of L. lactisMG1363 and L. lactis IL1403. Homology was determined using BLASTN at a cut-
oﬀ of 1e20. Repetitive sequences in both strains were removed prior to the BLASTN searches by the repeat masking module in Projector 2 [121].
Table 2
Comparison of IS elements of L. lactis MG1363 and L. lactis IL1403








tnpA homolog (S. pyogenes) NP_664202 7 0
Listeria transposase NP_569202 8 0
IS946/ISS1 3 0
Unknown 12 0
Total number of ISs 92 52
414 J. Kok et al. / FEMS Microbiology Reviews 29 (2005) 411–433seven copies of IS1077 occupy a region of 1.0 Mb while
IS983 is present on 1.5 Mb DNA fragment. Both regions
overlap by approximately 150 kb. Together with the fact
that the 10 copies of another element, IS981, are distrib-
uted over the entire genome, these observations suggest
that L. lactis IL1403 is the product of a fusion of two
large chromosomal DNA fragments [21].
Quite a number of the ISs in L. lactis MG1363 are
ﬂanked by sequences not present in L. lactis IL1403,
such as, e.g., the conjugative sex factor. The presence
of this piece of DNA, which can be seen sometimes as
a low-copy-number extra-chromosomal element, en-
ables L. lactis MG1363 to transfer DNA at a high fre-
quency, including chromosomal sequences [24,25].
Although L. lactis MG1363 has gone through a pro-
phage curing scheme, three complete bacteriophage gen-
omes and three regions containing phage remnants arepresent in its chromosome. One of the complete phages
is homologous to the lactococcal phage bIL310, which is
present in L. lactis IL1403, and another to lactococcal
phage T712. All complete phages contain putative trans-
posase genes. These prophage regions cover a total of at
least 134 kb of the genome of L. lactis MG1363. Thus,
although this amount of prophage DNA is less than in
L. lactis IL1403, which has 175 kb of prophage DNA
[21], the genome of L. lactis MG1363 is certainly not
free of prophage DNA.
3.2. Plasmid integrations in L. lactis MG1363
Major diﬀerences in the gene content of L. lactis
IL1403 and L. lactis MG1363 are caused by the integra-
tion of mobile elements, one of which is the sex factor
mentioned above. Another known integration in the
genome of L. lactis MG1363 is the opp–pepO region,
specifying a.o. the oligopeptidase PepO and the oligo-
peptide uptake system Opp [17,26], providing the strain
with a second opp system. Analysis of the surroundings
of opp–pepO suggests that a much larger integration or
multiple integrations took place in this area. This region,
which is not present in IL1403, has a total size of 56 kb
and contains multiple IS elements, genes for invertases/
resolvases and remnants of genes of plasmid replication
proteins (Fig. 2). Furthermore, it contains the hsdR/M/S
genes encoding a restriction modiﬁcation system often
found on plasmids, and the gene for pyrrolidone car-
boxyl peptidase, pcp, which has also been suggested to
be of plasmid origin (Buist, G., Haandrikman, A.J., Be-
nus, G., Feenstra, B., Venema, G. and Kok, J., unpub-
lished). Various other hypothetical ORFs, which were
Fig. 2. Representation of a 56-kb ‘‘integration hot spot’’ region in the genome of L. lactis MG1363. In green: genes also present in the genome of
L. lactis IL1403. In blue: possibly plasmid-derived genes.
J. Kok et al. / FEMS Microbiology Reviews 29 (2005) 411–433 415previously only found on lactococcal plasmids, are en-
coded by the 56-kb region. This large 56 kb region is
also present in L. lactis SK11 but the partial sequence
does not allow determining whether it is located on a
plasmid or on the chromosome.
Downstream of pcp and downstream of a putative
resolvase gene are two regions that are highly similar to
a binding site for a site-speciﬁc recombinase found in
Staphylococcus aureus. Such recombinases are involved
in the inversion of DNA segments between inverted re-
peats or in cointegration or excision between repeats of
diﬀerent DNA molecules. This sequence is present in
quite a number of streptococcal plasmids. Interestingly,
this large region of putative DNA integration is located
exactly where the large chromosomal inversion is appar-
ent when the genomes of L. lactis MG1363 and L. lactis
IL1403 are compared (see above) [10].
The other end of the inversion in L. lactis MG1363
also contains a number of genes that are not present
in L. lactis IL1403 and which are very similar to genes
present on the L. lactis conjugative transposon Tn5276
[27]. They encode an excisionase, an integrase and vari-
ous transposases. A similar chromosomal inversion
involving the pcp–opp–pepO region has also occurred
between the isogenic L. lactis strains MG1363 and
NCDO763 (see above) [20]. The pcp–opp–pepO region
in L. lactis seems to be a hot spot for the integration
of DNA from plasmid origin. An integratin hot spot
has also been observed in Streptococcus thermophilus
[28]. In this species a 17-kb region contains a truncated
hsdR/M/S restriction modiﬁcation system and various
other genes that, most likely, originate from lateral gene
transfer or from plasmid DNA. The 17-kb region also
contains the resolvase binding site signature mentioned
above, and other genes possibly originating from lacto-
coccal plasmids. The same resolvase binding site consen-sus is also found in the S. thermophilus CNRZ368
genomic island DeltaCIME308 [29].
3.3. Some of the genetic diﬀerences between L. lactis
MG1363 and L. lactis IL1403
The sequence similarity between the ORFs that are
present in both lactococci strains MG1363 and IL1403
is about 85%. When comparing the 16S rRNA se-
quences, which have 0.33% divergence, and assuming
an average rate of sequence divergence at synonymous
sites of 16S rRNA of 1% per 50 million years [30], both
subspecies have diverged approximately 17 million years
ago.
L. lactis MG1363 does not contain cit, the operon
encoding the enzymes for citrate utilization. Examples
of other genes that are absent in comparison to L. lactis
IL1403 are otcA and arcC3. The arcC3 gene encodes a
carbamate kinase. Two paralogs of arcC3, arcC1 and
arcC2, are present in L. lactis MG1363. OtcA (ornithine
carbamoyltransferase (EC 2.1.3.3)) is involved in the
conversion of ornithine to citrulline. However, a recent
reinterpretation of genome annotations regarding car-
bamoyltransferases suggests that lactococcal OtcA
might in fact be a putrescine carbamoyltransferase
[31]. L. lactis IL1403 otcA-yrfD-yrfC-arcC3 encode a
putative catabolic agmatine deiminase pathway leading
to the production of putrescine and carbamoyl phos-
phate from carbamoylputrescine. Carbamoyl phosphate
can be converted into ammonium and carbon dioxide
with production of ATP through the action of a carba-
mate kinase (such as ArcC3). The otcA gene has been
proposed to be renamed to ptcA, while the proposed
functions of the products of yrfC and yrfD are an amino
acid permease and agmatine deiminase, respectively [31].
A region of approximately 15 kb encompassing these
416 J. Kok et al. / FEMS Microbiology Reviews 29 (2005) 411–433genes is lacking in L. lactis MG1363. This region is not
present in the L. lactis SK11 draft assembly but could be
present in an unsequenced region.
Another gene present in L. lactis IL1403 but absent in
L. lactisMG1363 is umuC, a gene involved in UV-induc-
ible repair of mutations in DNA. This gene has previ-
ously been described to reside on a plasmid in
Lactococcus: it is present on pNP40 of L. lactis DRC3
[32] and on pIL7 of L. lactis IL594, the parent of L. lac-
tis IL1403 (Bardowski J. and Koryszewska A., personal
communication). Furthermore, it is present in the L. lac-
tis SK11 draft assembly. The entire region surrounding
umuC is absent in L. lactis MG1363 suggesting that it
was lost as a result of a deletion event. Alternatively,
L. lactis IL1403 may have acquired the gene through
an (plasmid) insertion event. Both strains contain dinP,
a paralog of umuC.3.4. IS element-derived mutations in L. lactis
It is clear now from the genomic information that
several of the changes and genetic rearrangements
can be explained by the earlier mentioned abundance
in L. lactis of mobile genetic elements such as prophages
and IS elements as well as the presence of conjugative
transposons in several strains. The variation in the copy
number of the various IS elements and their position in
the genomes of related strains of L. lactis suggests that
at least some of these elements are still active [33].
IS elements can be the cause of several types of muta-
tions and as such could play an important role in bacte-
rial adaptation and evolution [34]. They can disrupt
genes, lead to an increase in gene expression when an
element carries an outward-directed promoter and in-
serts upstream of the particular gene, or result in chro-
mosomal rearrangements (insertions, deletions,
inversions or duplications) through recombination of
diﬀerent copies of the same element. An analysis of all
of the IS elements and their surrounding regions in the
chromosome of L. lactis IL1403 revealed that two of
the 15 IS983 copies and six of the 10 IS981 copies corre-
spond to deletion events between tandem repeats of the
respective elements [9]. Thus, in contrast to the situation
described above for the NCDO712 family of strains in
which IS elements were shown to be involved in a large
chromosomal inversion, IS element activity in L. lactis
IL1403 seems to have led to only relatively small dele-
tions involving proximal copies of IS981 or IS983.
At least one of the IS elements of L. lactis IL1403,
IS981, was shown to be active under laboratory condi-
tions and caused a number of diﬀerent chromosomal
changes under both normal and stressed growth condi-
tions for prolonged periods of time (approximately
1000 generations in ﬁve months for the growing cultures
[35]. Southern hybridization revealed that IS904 andIS983 were not mobile under the conditions employed.
The IS981-mediated mutations, two insertions at new
positions and ﬁve deletions, were all caused by replica-
tive transpositions of the element, indicating that this
is the preferred mobility mechanism of IS981. A molec-
ular analysis revealed that in all cases but one these
mutations disrupted the function of one or more genes.
At the moment it is not clear whether these IS element-
induced mutations led to the ﬁtness beneﬁt that resulted
in the mutants becoming predominant in the evolved
cultures or whether the IS mutations hitched to high fre-
quency along with beneﬁcial mutations elsewhere in the
chromosome [35]. IS981 was also shown to be active in
an L. lactis MG1363 background [36]. In an ldh knock-
out strain grown for a prolonged period of time under
anaerobic conditions, growth on glucose and concomi-
tant lactate production were restored after a variable
number of generations. This was shown to be the result
of transcriptional activation of a silent ldhB gene encod-
ing an Ldh enzyme with kinetic parameters diﬀerent
from that of lactate dehydrogenase encoded by the las
operon. In half of the cases examined, the transcrip-
tional activation was caused by the insertion of a copy
of IS981 upstream of ldh, at exactly the same position
in all instances. By the insertion an IS-derived 35 pro-
moter sequences was fused at the proper spacing to a
10 sequence present in the ldhB upstream sequence,
creating a functional promoter to drive ldhB expression.4. Global analyses of L. lactis – transcriptomics
The availability of the genome sequences of various
(micro)organisms is rapidly changing the way in which
we look at the organisms. Technologies from the
genomics arena allow performing research in a global
all-embracing way. DNA array technologies, backed
up by rigorous statistics and bioinformatics, enable
examining the reaction to modiﬁcations in genetic make
up of the cell through mutations of any sort, or to
changes in the environment of any kind, at the level of
the so-called transcriptome: levels of all transcripts in
an organism at a given point in time. On the other hand,
rapid developments in the ﬁeld of high-throughput pro-
tein analysis allow doing the same at the level of the pro-
teome, the total protein content of a cell at a particular
moment in its life cycle.
DNA macroarrays as well as DNA microarrays have
recently been devised and used in the analysis of tran-
scription and gene regulation in L. lactis and will be dis-
cussed here. Several of these studies have been
completed and are in the various stages of publication
at the time of writing of this review. As they represent
the vanguard of research in this particular area of re-
search in L. lactis they have been included here.
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Pioneering work on metabolic ﬂux control using a
limited number of genes in an extended Northern dot
blot (‘‘DNA macroarray’’) format was performed by
Even et al. [37–39] and Fontaine et al. [40]. Due to the
restricted number of genes analyzed these studies do
not qualify as genuine post-genomic approaches. Never-
theless, they have uncovered a number of important
considerations with respect to mRNA stability that war-
rant more extended DNA (micro)array studies. Nylon
membranes carrying 500-bp amplicons of 15 genes from
the glycolysis and mixed-acid-fermentation pathways of
L. lactis IL1403 were used to characterize sugar catabo-
lism and the response to acid of L. lactis IL1403 [37–40].
An alkaline phosphatase-based enzyme assay using
phosphoﬂuoroimaging was employed to measure the
abundance of a speciﬁc transcript in the total RNA
pool. Cellular concentrations of mRNAs were derived
from correcting for the cellular RNA concentration. In
the ﬁrst study, the metabolic characteristics of L. lactis
IL1403 growing exponentially in two diﬀerent chemi-
cally deﬁned media with glucose or galactose were thor-
oughly examined by following growth kinetics,
intracellular metabolites, enzyme activities and gene
expression [37]. Homolactic fermentation was observed
in all cases due to either the low concentration of pyru-
vate formate lyase or of alcohol dehydrogenase. The ob-
served sugar consumption rates were maximal rates
suggesting that the catabolic ﬂux could not be increased,
a problem that may be at the level of transport of the
sugars. The concentration of total RNA was generally
higher in glucose- than in galactose-grown cells. When
the data were corrected for this phenomenon, it was
shown that several genes of glycolytic enzymes were
more highly expressed during growth of L. lactis
IL1403 on glucose. Conversely, transcripts of genes of
the mixed-acid pathway were more abundant during
growth on galactose. Comparing the cellular transcript
concentration to the rate of enzyme synthesis, an aver-
age increase in translational eﬃciency of 3-fold was ob-
served of glucose- over galactose-grown cells, suggesting
that mRNA translation is regulated by a sugar-depen-
dant mechanism [37].
In a study of the response of L. lactis to acid stress
L. lactis MG1363 was grown anaerobically with a large
excess of glucose [38]. The culture remained homolactic
throughout. The decrease of the culture pH as a conse-
quence of glucose metabolism led to cytoplasmic acidiﬁ-
cation and to inhibition of the activities of enzymes of
the glycolytic and mixed-acid pathways. The consequent
decrease in catabolic ﬂux and energy production, to-
gether with the extra energy used to counteract the acid-
iﬁcation of the cytoplasm, resulted in a diminished
biomass production. The speciﬁc growth rate decreaseduntil the culture ultimately stopped growing, although
remaining glucose was slowly metabolized in the post-
acidiﬁcation phase. Gene expression data on ﬁve diﬀerent
time points of the culture revealed that the transcripts
concentration of most of the metabolic genes decreased
signiﬁcantly. The stability of the transcripts, measured
after the addition of the transcription initiation inhibitor
rifampicin, of a number of genes (glk, gap, pgk, enoA,
ldh, pﬂ and adhE) was markedly (2- to 10-fold) increased
during the post-acidiﬁcation phase. A change in mRNA
turnover was not apparent for the other genes examined.
Transcription at reduced rates, together with increased
transcript stability, during the post-acidiﬁcation phase
results in L. lactis maintaining a pool of mRNA all set
for translation. This could represent a survival mecha-
nism: it would allow the cells to maintain a minimal level
of catabolic activity under energy limitation and to rap-
idly recover and resume growth once the limitation
(stress) is removed [38]. It would be very interesting to
see the extent of this response by using full genome
DNA microarrays.
By growing L. lactisMG1363 as pH-stat cultures (pH
6.6, 5.5, 5.2 and 4.7) on glucose medium, cellular re-
sponses to pH were uncoupled from changes in the
growth rate arising from medium acidiﬁcation in batch
cultures [39]. A signiﬁcant amount of glucose accumu-
lated in the medium at pH 4.7; above this pH the cul-
tures were carbon-limited, with a progressive shift
towards homolactic fermentation with decreasing stea-
dy-state pH. The growth-limiting factor at pH 4.7 was
lactate, which was most inhibitory under acidic condi-
tions of growth. Acceleration of glycolysis, one of the
main cellular responses to acidiﬁcation, was regulated
by an increase in the concentrations of the glycolytic en-
zymes and the speciﬁc modulation of enzyme activities.
The main factor controlling pathway ﬂux under acidic
conditions was shown to be metabolic regulation: it al-
lows the ﬂux to be maintained even though enzyme
activities are decreased due to the low intracellular pH.
The enzyme concentrations increased while the mRNA
concentrations remained constant or reduced slightly
under acidic conditions. Translation eﬃciencies of a
number of metabolic genes were calculated and shown
to increase at low pH. This is presumably accompanied
by an increase in ribosomal activity and, together with
the observed reduction in the concentration of total
RNA at the lower pH values it suggests that the transla-
tion apparatus of L. lactis is optimized under acidic con-
ditions by the optimization of active ribosomes.
The studies presented above show that care has to be
taken, especially when interpreting full-genome tran-
script proﬁles, as the level of mRNA measured not only
depends on the level of transcription but also on poten-
tially diﬀerential mRNA stability.
A partial amplicon-based DNA microarray of L. lac-
tis MG1363 was devised that contained genes involved
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environmental stress response (24) and other areas of
cellular metabolism (79) (Kilstrup, M., Nielsen, A.K.,
Pulka-Amin, M.D. and Rasmussen, M.D., unpub-
lished). These authors examined the eﬀects of nucleotide
deﬁciency in L. lactisMG1363, imposed by inhibition of
GMP synthase activity by decoynine (GTP depletion) or
by exhausting the supply of the purine base hypoxan-
thine in a purD mutant (GTP and ATP depletion). In
the latter case, these two precursors of RNA synthesis
will be severely limited and total RNA synthesis is ex-
pected to decline and ultimately stop, invalidating inter-
nal normalization procedures. Indeed, cellular rRNA
levels were shown to vary slightly: they increased during
purine depletion in the purD strain and decreased after
decoynine addition to MG1363. Details of the results
of this work are presented elsewhere in this issue (Mar-
tinussen et al. [122]). The array was also used to develop
a normalization method that takes into account the fact
that the level of rRNA, which represents approximately
85% of the total cellular RNA, may vary more than
3-fold in response to growth conditions [41–43]. The
method measures rRNA content at the single cell level
using a Cy3-labeled probe speciﬁc for 16S rRNA from
L. lactis ssp. cremoris in quantitative ﬂuorescence in situ
hybridization, coupled to automated image analysis and
signal quantiﬁcation. The method should be generally
applicable in circumstances where internal normaliza-
tion (e.g., when using a partial DNA microarray to
examine conditions in which expression of many or
most of the genes represented on the array is
expected to change) is impossible (Kilstrup, M., Nielsen,
A.K., Pulka-Amin, M.D. and Rasmussen, M.D.,
unpublished).
A partial DNA macroarray of 22- to 24-mer oligonu-
cleotides represented 375 genes of L. lactis IL1403 in-
volved in protein degradation, carbohydrate-, fatty
acid-, nucleic acid-, or amino acid metabolism [44].
Three stress conditions of 30 min each were applied to
the cells in GM17 medium: heat (42 C), acid (pH 5.5
with lactic acid) or osmotic stress (4% NaCl). There
was good agreement of stress-induced gene expression
changes observed by the DNA macroarrays and what
was already known from literature, adding a level of
conﬁdence to the new responses observed with the
DNA macroarrays. Heat shock led to changes in expres-
sion of 64 genes involved in the nucleotide salvage path-
way, methionine biosynthesis, glutamate uptake and
biosynthesis, arginine catabolism and betaine uptake
[44]. Expression of a number of putative ABC amino
acid transporters was increased while two peptide trans-
porters were strongly repressed. Expression of 50 genes
was altered during the 30-min lactic acid treatment.
The genes of the two-peptide transporters, and the pepX
gene specifying the peptidase PepX, were repressed.
Expression of the b-glucoside-speciﬁc phosphotransfer-ase system speciﬁed by yedEF was also strongly (over
100-fold) repressed. Other repressed genes were those
of glutamine biosynthesis and transport, glnA and
glnPQ, respectively. Interestingly, the latter genes had
already been implicated in lactic acid resistance in lacto-
cocci [45]. Among the induced genes were those for cho-
line transport (choQS), tryptophan biosynthesis and
citrate and malate fermentation (citE, citF, mleS and
ldh). Thirty-four genes were induced by osmotic stress
while another 34 were repressed under these conditions.
The genes busAA-AB, specifying a high-aﬃnity betaine
uptake system [46], were induced approximately 50-fold.
Other induced genes were those for nucleotide salvage,
biosynthesis of the amino acids lysine and glutamate,
peptidoglycan biosynthesis and, as expected from earlier
results, DnaK. Genes of the arginine deiminase pathway
(see below), fatty acid biosynthesis and those involved in
citrate and malate fermentation were repressed to vari-
ous extents. Again, as was the case for the other two
stress conditions, the genes for a number of proteolytic
enzymes, and yedEF, were repressed during osmotic
stress.4.2. Nitrogen metabolism
4.2.1. Proteolysis – CodY
L. lactis is an amino acid auxotroph: most strains re-
quire an exogenous supply of various amino acids,
either in the free form or contained in (oligo)peptides.
An elaborate proteolytic system consisting of an extra-
cellular proteinase, intracellular peptidases and mem-
brane-located peptide uptake systems allows the
organisms to degrade milk proteins and internalize the
required amino acids and peptides [47]. Due to its
importance in ﬂavour development in cheese manufac-
ture, proteolysis has been studied in detail for many
years and the genes of most enzymes and proteins in-
volved had already been cloned, sequenced and analyzed
before whole genome sequencing took oﬀ. The available
genome sequences do allow to look at the proteolytic
genes in their genetic context more thoroughly and to
understand the genetic instability of certain traits (e.g.,
that of opp–pepO, see above). The emphasis of research
in this ﬁeld has changed towards understanding the
intricacies of proteolysis regulation. A central regulator,
CodY, has been identiﬁed as the main player in this re-
spect [48–50]. In nitrogen-rich media expression of a
number of proteolytic genes is repressed, while expres-
sion is relieved under nitrogen limitation. CodY acts
as a transcriptional repressor of the expression of
prtMP, opp, pepN, pepC araT and bcaT [49,51–53].
The signal aﬀecting the strength of repression by CodY
lies in the intracellular pool of branched-chain amino
acids (BCAA), which act as cofactors stimulating CodY
binding to its operator site upstream of target genes
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CodY to regions upstream of several of its target genes/
operons has been shown to occur and to depend on the
presence of BCAA in the assay buﬀer, both by electro-
phoretic mobility shift assays and by DNAse I foot-
printing experiments [51].
These genetic studies have recently been comple-
mented with a genome-wide analysis aiming at elucida-
tion of the CodY regulon, using full genome DNA
microarrays of L. lactis [54,55]. To this end, the tran-
scriptomes of an L. lactis MG1363 codY mutant, carry-
ing a 432-bp internal deletion in codY, and its isogenic
parent were compared after growth of both strains to
exponential phase in a rich medium with excess nitro-
gen, i.e., in which CodY exerts strong repressing activity
[51]. The labeled cDNAs were hybridized to the DNA
microarrays carrying 2145 amplicons of genes of L. lac-
tis IL1403. The expression of over 30 genes was signiﬁ-
cantly altered between the strains under these
conditions. Although the majority of the de-repressed
genes are involved in amino acid transport and metabo-
lism, the expression of several genes belonging to other
functional categories was also changed in the mutant,
emphasizing the pleiotropic role of CodY in L. lactis.
One of the strongest de-repressed transcriptional units
was opt, which is over 90% similar at the nucleotide level
to dpp of MG1363, and was previously shown to be re-
pressed in peptide-rich media and especially in media
containing peptides with BCAA residues [49,56]. The
leu-ilv-ald gene cluster was signiﬁcantly de-repressed
(over ﬁve times) in the codY mutant, as was the amino
acid transferase gene bcaT. The gene for the putative
asparagine synthetase AsnB and those for GltDB, pre-
sumed to catalyze the same reaction, were elevated four
and six times, respectively, upon functional removal of
codY. In addition to the peptide transporter genes, the
gene for a putative cationic amino acid transferase was
de-repressed ﬁve times in MG1363codY. Interestingly,
expression of genes of the Krebs oxidative cycle (gltA,
icd, citB, encoding citrate synthase, isocitrate dehydro-
genase and aconitase, respectively) is also de-repressed
in the codY strain (den Hengst, C.D., van Hijum,
S.A.F.T., Gerts, J.M.W., Nauta, A., Kok, J. and Kui-
pers, O.P., unpublished). The authenticity of a number
of the identiﬁed new CodY targets was veriﬁed by lacZ
fusion studies and by electrophoretic mobility shift as-
says using puriﬁed CodY protein.
An in silico analysis for common sequence motifs in
the upstream regions of a number of known and new
CodY target genes, as identiﬁed by the DNA microarray
study, enabled the deﬁnition of a CodY binding box
(den Hengst, C.D., van Hijum, S.A.F.T., Gerts,
J.M.W., Nauta, A., Kok, J. and Kuipers, O.P., unpub-
lished). A homologue of L. lactis CodY, CodY of
B. subtilis, is a nutritional repressor of the dipeptide per-
mease operon (dpp), and of genes involved in amino acidmetabolism, carbon and energy metabolism, antibiotic
production, competence development and motility in
B. subtilis [57–67]. Like L. lactis CodY, aﬃnity of B. sub-
tilis CodY for its targets is stimulated by interaction
with BCAAs but also through a BCAA-independent
interaction with GTP [57,62,68,69]. Thus, B. subtilis
CodY is thought to sense both nitrogen availability
and the energy state of the cell. Using the lactococcal
CodY box sequence derivatives of this box were also
shown to be present in the upstream sequences of a
number of known targets of B. subtilis CodY.4.2.2. GlnR-mediated regulation
Glutamine and glutamate are the nitrogen donors for
most nitrogenous molecules in the bacterial cell. Both
amino acids are interconverted via glutamine synthetase
(GS) and glutamate synthase GOGAT: glutamate and
ammonium are converted to glutamine, at the expense
of one ATP, by GS, while GOGAT converts glutamine
and a-ketoglutarate into two molecules of glutamate
(see Fig. 3). This circular pathway is at the intersection
between carbon and nitrogen metabolism and is subject
to complex regulation that is executed in fundamentally
diﬀerent ways in the various bacterial species in which it
has been studied [70–74]. It is outside the scope of this
review to go into the intricacies of these diﬀerent regula-
tory mechanisms and we will focus only on a compari-
son of GlnR-mediated control in B. subtilis and L. lactis.
Nitrogen control in B. subtilis is exerted via the three
transcriptional regulators TnrA, GlnR and the previ-
ously mentioned CodY [60]. The former two regulators
are members of the MerR family of transcriptional reg-
ulators and possess highly similar N-terminal DNA
binding domains with which they recognize the same
transcriptional operators. Due to their diﬀering C-termi-
nal sensory domains they do so, however, in response to
diﬀerent cellular signals. TnrA acts as a repressor or
activator when nitrogen is limiting, while GlnR is a
repressor of, among others, glnRA and tnrA under con-
ditions of nitrogen excess. GS was shown to sequester
TnrA, thus preventing the latter from binding to its
operators, in the presence of a number of feed-back
inhibitors of GS activity.
The genomes of L. lactis strains MG1363 and IL1403
encode GlnR but not TnrA. The entire glnR gene was
removed from the chromosome of L. lactis MG1363
and the transcriptome of the resulting strain, MGDglnR,
was compared with that of its parent [75]. The strains
were grown in chemically deﬁned medium with limiting
(0.1%) or excess (2%) casitone as the nitrogen source.
Expression of glnA, the gene encoding GS and which
is located downstream of glnR in what appears to be a
glnRA operon, is de-repressed in L. lactis MGDglnR in
both media. The amtBglnK genes, encoding a putative
ammonium transporter and a nitrogen regulator PII
Fig. 3. (a) Schematic representation of arginine metabolism in L. lactis. Genes with encoded enzymes: argB, N-acetylglutamate 5-phosphotrans-
ferase; argC, N-acetylglutamate 5-semialdehyde dehydrogenase; argD, N2-acetylornithine 5-aminotransferase; argJ, ornithine acetyltransferase;
argE, acetylornithine acetyltransferase; argF, ornithine carbamoyltransferase; argG, argininosuccinate synthetase; argH, argininosuccinase; arcA,
arginine deiminase; arcB, ornithine carbamoyltransferase; arcC, carbamate kinase; gltS, arginine or glutamate transporter; gltDB, glutamate–
oxoglutarate amidotransferase; glnA, glutamine synthetase. (b) Model of the possible regulatory mechanism exerted by ArgR and AhrC of L. lactis.
Positive and negative regulation is indicated by plus and minus signs, respectively. Adapted from [81].
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medium but not aﬀected in high-casitone medium. The
glnPQ genes encoding a possible glutamine ABC trans-
porter and -binding protein were similarly but less
strongly aﬀected by the glnR mutation. The glnR and
amtBglnK upstream regions contained 18/19-bp se-
quences with similarity to the 17-bp GlnR box of B. sub-
tilis. Subsequently, this motif was also identiﬁed in the
start of glnP. A multi-copy (plasmid-located) transcrip-
tional lacZ fusion to the upstream region of amtBglnK
conﬁrmed the GlnR dependency of expression from thisregion at a low (0.1%) casitone concentration in the
medium. Regulation was disrupted when half of the
GlnR box upstream of the 35 region in the amtBglnK
promoter was deleted [75]. Chromosomal transcrip-
tional lacZ fusions to amtBglnK, glnRA, and glnPQ in
L. lactis MG1363 and L. lactis MGDglnR were used to
study the regulatory eﬀects of glutamine, glutamate
and ammonium in a single-copy situation. These studies
revealed that regulation of glnRA and amtBglnK is quite
diﬀerent. Repression of glnRA in response to glutamine
and ammonium was GlnR dependent. This was also the
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expression. However, ammonium still had a repressive
eﬀect on amtBglnK, leading to the conclusion that an
additional, ammonium-responsive factor is involved in
regulation of this operon.
4.2.3. Arginine metabolism – ArgR/AhrC
Arginine metabolism in L. lactis consists of a biosyn-
thetic route producing arginine from glutamate and a
catabolic or arginine deiminase pathway, in which argi-
nine is degraded to carbamoyl phosphate, ammonium,
CO2 and ATP (see Fig. 3(a)). The ATP is an important
alternative source of energy, while carbamoyl phosphate
is a precursor in the de novo synthesis of pyrimidines.
The ammonium counteracts the lowering of the pH as
a consequence of sugar fermentation and the arginine
deiminase pathway may be involved in acid stress resis-
tance [76–80]. The arginine biosynthesis genes are
argCJDBF, gltS-argE and argGH, while the three steps
of arginine breakdown are encoded by arcA (for argi-
nine deiminase), arcB (for ornithine carbamoyltransfer-
ase) and arcC1C2 (for carbamate kinase). The latter
genes are part of the cluster arcABD1C1C2TD2 in
which arcD1 and arcD2 specify putative arginine–orni-
thine (1:1) antiporter proteins and arcT encodes an
aminotransferase.
Two arginine regulators, ArgR and AhrC, are opera-
tive in L. lactis [81]. They are 32% identical and homol-
ogous to the arginine regulator ArgR from E. coli and
B. stearothermophilus and to AhrC from B. subtilis. A
lacZ fusion to the upstream region of the argCJDBF
genes was used to study arginine biosynthesis gene reg-
ulation as a function of arginine availability and the role
of the two regulators therein. Expression from the argC
promoter was arginine-dependent in L. lactis MG1363
but was de-repressed in either of the two single regulator
mutants (L. lactis MGDargR and L. lactis MGDahrC)
and in the double mutant L. lactis MGDargRDahrC.
Apparently, the two regulators cannot complement each
other. Using a lacZ fusion to the upstream region of
arcA, the ﬁrst gene of the catabolic arc gene cluster, it
was shown that expression from this region was in-
creased in the DargR strain, while it was strongly
down-regulated in the DahrC strain. Thus, both regula-
tors seem to have opposite roles in arginine catabolic
gene regulation. As an argRahrC double mutant had
the same phenotype as the DargR strain, i.e., it was
de-repressed for arc gene expression, AhrC is apparently
not essential for activation of the arginine deiminase
pathway [81]. Transcription proﬁles were obtained for
the three regulator mutants, MGDargR, MGDahrC
and MGDargRDahrC, and compared to those of the
parent stain L. lactis MG1363 [75]. As the largest eﬀects
of the mutations on gene regulation were observed with
high amounts of arginine [81], RNA was isolated from
cells growing in chemically deﬁned medium containing10 mM arginine. The results indicate that ArgR and
AhrC are dedicated regulators of arginine metabolism
as high expression ratios (mutant over wildtype) were
only observed for genes known to be involved in this
metabolic pathway (but see below). The arginine biosyn-
thesis genes argCJDBF, gltS-argE and argGH were de-
repressed in all three mutants. The argR deletion had
no signiﬁcant eﬀect on the arginine catabolic genes while
DahrC led to down-regulation of arcA and arcD1C1C2.
In the double mutant MGDargRDahrC the entire ar-
cABD1C1C2TD2 cluster was signiﬁcantly de-repressed.
Thus, AhrC is involved in activation of the arginine dei-
minase pathway but the results obtained with the double
mutant show that ArgR is also somehow involved.
Regulation of arginine metabolism has been studied
extensively in E. coli and B. subtilis. The de novo biosyn-
thesis of arginine is repressed by the transcriptional reg-
ulators ArgR and AhrC in E. coli and B. subtilis. In both
bacterial species regulation occurs through binding of
the respective regulator to an 18-bp imperfect inverted
repeat structure that overlaps the core promoters of
the regulated genes. These operators are called ARG
boxes [82–85]. As the consensus sequences of these
ARG boxes from E. coli and B. subtilis were too diver-
gent to predict the sequence of a lactococcal ARG box,
the data of the DNA microarray experiments were used
to ﬁnd such operators in L. lactis [75]. Over-represented
sequences in the regions upstream of the ﬁrst genes of
the ArgR or AhrC regulated operons were searched
for with the Gibbs Motif Sampler [86]. ArgR- and
AhrC-box motifs were found that contained a weak pal-
indromic structure as well as residues conserved in
known ARG boxes. Subsequently, these sequences were
used to search all promoter regions of L. lactis MG1363
using matrices built on either consensus. Eight out of the
10 boxes with highest similarity to the ArgR regulon
motif were present upstream of genes of the arginine
biosynthesis pathway, while the same was the case for
four of the seven highest scoring ‘‘AhrC motifs’’. Inter-
estingly, the arcA promoter region contained a relatively
weak AhrC-motif consensus, but it does contain several
ARG operator half-sites with high similarity to the
AhrC operator of B. subtilis.
The argR and ahrC mutations signiﬁcantly aﬀected
the expression of only a small number of other gene
clusters, namely those involved in pyrimidine de novo
biosynthesis (pyrRPBcarA, pyrEC and pyrKDbF) and
a cluster of genes with putative functions only (ybdA-
rnpA-ybdCD). In the argR and the regulator double mu-
tant, expression of pyrimidine biosynthesis genes was in-
creased relative to wildtype, while no eﬀect was observed
in the DahrC strain. The DNA microarray results were
conﬁrmed by analyses of PyrE (orotate phosphoribosyl-
transferase) and PyrF (orotidine-phosphate decarboxyl-
ase) enzymatic activities in the various strains [75].
Carbamoylphosphate is the common metabolite in
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arginine biosynthesis in the production of citrulline from
ornithine (via ArgF) and is a precursor in pyrimidine
biosynthesis (see Fig. 3(a)). Carbamoylphosphate is pro-
duced from citrulline during arginine degradation (via
ArcB) or from ammonium, CO2 and ATP by carbamo-
ylphosphate synthase (speciﬁed by carAB). The car and
pyr genes are regulated by PyrR in response to pyrimi-
dines, not to arginine [87]. The citrulline levels were rel-
atively high in the DargR and the DargRDahrC strain
and low in DahrC, which correlates well with the expres-
sion seen for both biosynthetic pathways and less so
with that of arginine degradation. Most likely, the in-
creased ﬂux towards arginine in the DargR and DargR-
DahrC strains leads to carbamoylphosphate and
pyrimidine depletion, which is counteracted, apparently,
by the induction of the pyrimidine biosynthetic genes
including carAB [75].
Interaction between both puriﬁed His6-tagged argi-
nine regulators was studied by DNase footprinting and
gel retardation assays [88]. AhrC alone did not bind to
DNA while ArgR bound to the promoters of the biosyn-
thetic argCJDBF and the catabolic arc ar-
cABD1C1C2TD2 gene cluster, independent of the
presence or absence of arginine. Arginine-dependent in
vitro DNA binding was obtained when both puriﬁed
regulators were mixed. In that case, addition of arginine
resulted in increased binding of ArgR/AhrC to the bio-
synthetic argC promoter but to a decreased binding to
the catabolic arcA promoter. The ArgR/AhrC complex
protected 2 ARG box operators in the upstream region
of PargC in a DNase footprint. In the absence of AhrC,
ArgR protected several ARG box half-sites in promoter
region of arcA.
A model was proposed to describe the functions of
ArgR and AhrC in arginine-mediated transcriptional
regulation in L. lactis (Fig. 3(b)). In the absence of argi-
nine ArgR is thought to bind only to the catabolic arcA
promoter, preventing arginine degradation via ADI.
The three arginine biosynthetic operons are left unre-
pressed, resulting in arginine production. In the presence
of arginine ArgR and AhrC form a complex with high
aﬃnity for ARG boxes, leading to de-repression of the
arc genes and utilization of arginine via ADI and repres-
sion of arginine biosynthesis [81,88].
4.3. Identiﬁcation of a novel glucose-PTS system in
L. lactis by transcriptome analysis
As soon as genetic engineering protocols became avail-
able for L. lactis eﬀorts have been undertaken to manipu-
late certain fermentation pathways to either (better)
understand the routes or, on the basis of this knowledge,
improve the organism for use in industrial applications.
Galactose and lactose are not always desirable in food
products. Lactose intolerance is a well-known phenome-non while the eﬀect of consumption of galactose on cata-
ract occurrence in certain individuals, especially in
combination with alcohol intake, has been documented
[89]. Natural sweetening of food products by fermenting
organisms can be a desirable trait in some applications.
The combination of considerations mentioned above led
to an attempt to engineer L. lactis MG1363, growing on
lactose, into a glucose-producing cell factory with con-
comitant lowering of lactose and galactose levels in the
medium. A strategy was designed to remove all glucose-
phosphoenolpyruvate transport system (PTS) import
activities. The glucokinase gene was also deleted to pre-
vent glucose, entering the cell through non-PTS, from
beingphosphorylated and further processed via glycolysis
(Pool, W.A., Neves, A.R., Kok, J., Santos, H. and Kui-
pers, O.P., unpublished). EIIman/glc (ptnABCD) is able to
import glucose [90] but a DglkDptnABCD double mutant
of L. lactisMG1363 was found to still be able to grow on
glucose (Pool,W.A.,Neves,A.R.,Kok, J., Santos,H. and
Kuipers, O.P., unpublished). This pointed to the involve-
ment of another PTS(s) in glucose uptake. As several can-
didate PTSs might be involved in glucose transport,
DNA-microarrays were employed to compare the tran-
scriptomes of L. lactis strains NZ9000 (a nisRK-contain-
ing derivative of L. lactis MG1363) and NZ9000Dglk
DptnABCD grown in CDM with 1% (w/v) glucose. This
analysis unambiguously pointed to the putative PTS
EIIcel (encoded by ptcBAC) as being the only PTS system
signiﬁcantly (>5 times) up-regulated in the double knock-
out strain. Cellobiose is a disaccharide made up of two
glucose units and, apparently, EIIcel ofL. lactis can trans-
port both sugars. Based on these results a triple knock-out
strain (L. lactis NZ9000DglkDptnABCDDptcBAC) was
selected on galactose. Indeed, this strain was not able to
grow on glucose. Subsequently, the lactose plasmid
pMG820 [91], carrying the genes for the lactose-PTS
and the tagatose-6-phosphate pathway, was introduced
in the triple mutant. This strain was shown to grow some-
what slower on lactose but it eﬃciently fermented the
galactose moiety of lactose, while excreting glucose at lev-
els equimolar to the lactose internalized (Fig. 4). No
galactose was detectable in the growth medium as op-
posed to the wild-type strain carrying pMG820, which
produced a low amount of galactose. Notably, the engi-
neered strain was able to grow in skimmilk and produced
up to 22 mM of glucose in the medium. This study shows
that even when a full genome sequence is available, miss-
ing links in ametabolic engineering strategy are not trivial
to ﬁnd. Transcriptome analysis is then a suitable and fast
way to identify factors for further directed engineering.
4.4. Fructose metabolism in L. lactis
A great deal of attention on sugar metabolism in lac-
tococci has gone, obviously, in the fermentation of the
milk sugar lactose, and in the breakdown by these
Fig. 4. Routes in L. lactis MG1363 for utilization of lactose and glucose. The depicted L. lactis MG363 derivative, L. lactis
NZ9000DglkDptnABCDDptcBAC (pMG820) (Pool, W.A., Neves, A.R., Kok, J., Santos, H. and Kuipers, O.P., unpublished), can grow on lactose
(Lac+) as the genes for lactose-PTS and the tagatose-6-phosphate pathway are present on the plasmid pMG820. Due to the mutations (gray crosses)
in the strain it cannot grow on glucose (Glc). It eﬃciently ferments the galactose moiety of lactose and excretes glucose at levels equimolar to the
lactose supplied (thick arrows). Question mark: the number and identity of glucose permeases in L. lactis is largely unknown. For details on gene
function: see text.
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utilization of fructose, a sugar predominantly associated
with plants. Many species of bacteria can use fructose as
a carbon and energy source. Fructose utilizing ability al-
lows for enhanced survival of, e.g., oral streptococci in
the oral cavity while it has also been implicated in bio-
ﬁlm formation of S. gordonii in that environment [92].
Although permease systems have been described,
fructose utilization most often involves speciﬁc PTSs
consisting of an EIIFru enzyme and 1-phosphofructoki-
nase, the genes of which are encoded by genetically very
similar fru operons in diﬀerent bacterial genera. The two
genes are commonly accompanied by a gene specifying a
transcriptional regulator of the DeoR family. Surpris-
ingly, this regulator (designated FruR) seems to have
opposite roles in Spiroplasma citri, a plant pathogen,
and S. gordonii, a commensal of the oral cavity
[92,93]. While in both cases fructose enhances transcrip-
tion of the respective operons, FruR is an activator in
S. citri and acts as a repressor in S. gordonii.
Recently, fructose utilization has been studied in con-
siderable detail in L. lactis IL1403 using, among others,
global transcript analysis [94]. In the course of that
work, the authors renamed the genes involved on the ba-
sis of the obtained results: fruR, fruC (formerly lacR and
lacC, respectively) [21] and fruA. Single mutants in fruC
and fruA have established that the fruRCA speciﬁes the
main fructose utilization pathway in L. lactis IL1403.
However, functional analysis of these mutants also indi-
cated that fruRCA is not the only fructose utilization
pathway encoded in this strain. Expression from the
fru promoter was strongly de-repressed on glucose in afruR mutant, indicating that FruR acts as a repressor
in L. lactis, while the fru operon is under catabolite
repression by CcpA. As non-polar mutations in fruA
and/or fruC lead to constitutive low expression of the
fru operon, even in the presence of fructose, another le-
vel of control is exerted at the metabolic level, most
likely through fructose-1-phosphate. To deﬁne the entire
FruR regulon the transcriptomes of fruR and fruC single
mutants of L. lactis IL1403 grown in chemically deﬁned
medium with trehalose were compared with that of the
parent strain [94]. In both mutants the only genes diﬀer-
entially expressed were those of the fru operon. Appar-
ently, FruR is a dedicated regulator and involved in
fructose utilization only. Examining the upstream re-
gions of fru operons of gram-positive bacteria with
orthologous FruR regulators pinpointed four adjacent
10 bp direct repeats that possibly constitute a FruR
binding site. Indeed, two mutated versions of the region
led to de-repression of fru transcription in L. lactis.
4.5. Transcriptome analysis reveals nisin-resistance
mechanisms of L. lactis
L. lactis can be readily made resistant to nisin under
laboratory conditions. Resistance development is a
reversible process: when an L. lactis NisR strain, which
is 75-fold more resistant to nisin than its parent, is
grown overnight without nisin the resistance drops to
almost the original level. Thus, nisin resistance seems
to be a reversible property rather than to be caused by
mutations in L. lactis and, as for that matter, also in a
number of other gram-positive bacteria (Kramer,
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mechanism(s) L. lactis employs to become temporarily
resistant to nisin, DNA microarrays of L. lactis
IL1403 were employed to compare the transcriptomes
of L. lactis IL1403 and its isogenic derivative L. lactis
IL1403 NisR. During the experiments the latter was
grown in the presence of 3 mg nisin/l. The analysis re-
vealed the signiﬁcant up/down regulation of 95 genes,
comprising 4.4% of all annotated genes of IL1403 [95].
The main functional categories to which these genes be-
long are (i) cell wall synthesis, (ii) central and energy
metabolism, (iii) phospholipid- and fatty acid metabo-
lism, (iv) gene regulation, (v) transport, (vi) stress, and
(vii) miscellaneous or unknown functions. Genes di-
rectly involved in lipid II biosynthesis were not diﬀeren-
tially expressed: lipid II is the docking molecule that
enables nisin to form lethal pores in the cytoplasmic
membranes of sensitive cells at nanomolar concentra-
tions [96]. Lipid II is indispensable for cell wall biosyn-
thesis and the pyrophosphate group recognized by
nisin is synthesized so early in the biosynthesis route
that the cell cannot aﬀord to change the lipid II moiety
without severely suﬀering from the consequences. This
notion is also supported by previous ﬁndings showing
no direct involvement of lipid II levels in acquired nisin
resistance [97].
Some of the genes that were most clearly up-regulated
in the transcriptome analysis were those of the dlt and gal
operons. Both operons are involved in the substitutions
that take place in lipoteichoic acid (LTA) in the cell wall.
D-alanylation of LTA, speciﬁed by dlt, increases the po-
sitive charge in the cell wall, thereby probably hampering
access of nisin to the cytoplasmic membrane [95]. Strains
carrying knockout mutations in these operons displayed
a 4- to 6-fold increased sensitivity to nisin, demonstrating
the relative importance of these genes. Also the penicillin
binding protein encoded by pbp2A was found to be up-
regulated. This is in accordance with the ﬁnding in a pre-
vious study in which Listeria monocytogenes NisR was
shown to also overexpress a penicillium-binding protein
[98]. Another class of genes that was de-repressed upon
nisin resistance development was that specifying ABC
transporters. Included in this group are YsaBC (ortho-
logs of MbrBA of S. mutans, involved in bacitracin resis-
tance), and YneGH, a transporter putatively involved in
arsenic resistance. Interestingly, orthologs of bacitracin
resistance genes were also up-regulated in nisin resistant
B. cereus and S. pneumoniae, suggesting an important
role of the encoded transport system in generating resis-
tance against antimicrobial peptides (Kramer, N.E., per-
sonal communication). Genes involved in nitrogen
metabolism were also up-regulated, in particular the
arginine catabolic pathway. An increase in the activity
of the latter pathway leads to elevated production of
ammonia by the cells, which could lead to elevation of
the pH in the cell wall. If this is the case it would increasethe aﬃnity of the cell wall for nisin and, thus, hamper the
bacteriocin from reaching the cytoplasmic membrane.
Knocking out AhrC, one of the regulators of the cata-
bolic arc genes (see above) yielded a strain that was, in-
deed, more sensitive to nisin. Membrane biosynthesis
was also found to be aﬀected in the L. lactis NisR strain,
albeit probably only moderately so: the fab-operon,
responsible for the saturation of fatty acids of phospho-
lipids, was down-regulated, suggesting that more unsat-
urated acyl chains are built into the membranes of
L. lactis NisR.
Overall, a picture emerges of nisin resistance in L. lac-
tis, and probably also in other gram-positive bacteria, as
a multi-factorial trait, with several mechanisms operat-
ing at the same time. Most of these mechanisms appear
to be transient or based on adaptation, since resistance
is rapidly lost when resistant strains are grown in a med-
ium without nisin. The identiﬁed genes could well be
used to engineer strains with a constant high and irre-
versible level of nisin resistance, or the reverse, to engi-
neer strains with a higher susceptibility to nisin.
Indeed, a strain of L. lactis overexpressing the yneGH
genes from a plasmid was approximately 10-fold less
sensitive to nisin than the parental strain [95].
4.6. L. lactis and food safety
Genetic engineering techniques for L. lactis allow
modifying the organism for entirely novel (food) appli-
cations. Especially, the use of L. lactis for medical pur-
poses poses great potential, e.g., for the in situ
production of medically relevant biomolecules [3].
L. lactis itself being a GRAS (generally regarded as safe)
organism, the evaluation of safety aspects of such im-
proved or novel strains that are to be used in possible
(future) applications is an important issue. The legisla-
tion around new strains and the diﬀerences as to how
these strains were obtained should determine their
acceptability is a matter that is discussed to greater ex-
tent elsewhere in this issue.
Strains of LAB with improved properties obtained by
ultraviolet (UV) radiation or chemical mutagenesis are
widely accepted for use in food and feed [99]. The appli-
cation of genetically modiﬁed LAB obtained by modern
techniques like site-directed mutagenesis, however, is
highly controversial. With the advent of genomics tech-
nology, new methods become available to assess to what
extent the improved or new strains are altered relative to
their parents. Such data could play a role in a subse-
quent discussion on safety or acceptability in food, feed
or other (medical) applications [99]. Alteration of a ge-
netic locus by a targeted approach such as site-directed
mutagenesis is expected to result in fewer changes in
gene expression and protein production levels than when
the same locus were modiﬁed by random techniques
such as chemical- or UV treatment. In an EU-funded
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side eﬀects of these three diﬀerent mutation techniques
(UV, chemical treatment and site-directed mutagenesis)
were compared for the mutagenesis of three traits in L.
lactis. The three types of mutants in each trait were com-
pared to the isogenic parent strain to obtain an estimate
of the number of genes that were aﬀected by each muta-
tional technique. Global gene expression and protein
production patterns in the mutants and the parent strain
were determined by DNA microarrays and two-dimen-
sional (2D) gel electrophoresis, respectively. The proteo-
mic approach yielded relatively low numbers of
diﬀerentially produced proteins, while the DNA micro-
array analyses generated gene expression proﬁles for
over 2000 of the annotated genes of L. lactis IL1403.
Preliminary results indicate that, indeed, random muta-
genesis via UV- or chemical treatment of cells introduces
more diﬀerences than site-directed mutagenesis. Of the
diﬀerentially expressed genes identiﬁed by the transcrip-
tome analyses, only in a few cases were the correspond-
ing proteins concordantly diﬀerentially produced. This
reﬂects the complexity of comparing gene expression
and protein production levels at a global scale and is a
major challenge for further improvements in compara-
tive global genomics analyses. The methodology
adopted in the ‘‘Express Fingerprints’’ project is a ﬁrst
step in using modern genomics techniques in health risk
assessment for legislation of improved bacterial strains
[99] (see also the treatise of this subject by Pederson et
al. [123] elsewhere in this issue).5. Genomic diversity analysis using comparative genome
hybridization
Comparison by bioinformatics methods of the geno-
mic content of LAB has been described in a number of
studies (for a recent overview, see [100]). The elucidation
of the genome sequence of L. lactis ssp. lactis MG1363
has allowed comparing the genomes of the two subspe-
cies of L. lactis (see above). A powerful method to
quickly determine the genomic content of a bacterial
strain of which the genome sequence is not known is
comparative genome hybridization (CGH). This tech-
nique implies performing DNA–DNA hybridizations
using equal amounts of DNA of unknown sequence
and that of a close relative of which the genome se-
quence has been determined, on DNA microarrays of
the latter. Fluorescently labeled DNA of each strain is
prepared using (random-) primed PCR to create com-
plementary DNA fragments carrying either Cy3-dye
(green) or Cy5-dye (red). In the case that both strains
carry the same gene a similar signal is expected from
the labeled cDNA fragments of that gene, and thus a ra-
tio of the unknown over the sequenced strain of 1. Theabsence of genes in the non-sequenced strain will result
in lower or no hybridization signals (ratio 1).
CGH is commonly used to determine the genomic
composition and genome plasticity of bacteria [101–
103] or to perform strain typing of unknown bacterial
strains [104,105]. So far, only two studies describe the
use of CGH to determine the genomic composition in
LAB. Siezen et al. [100] used CGH for partitioning of
a number of Lactobacillus plantarum strains on the basis
of their genomic content, a result that will be dealt with
elsewhere in this issue. A more methodological ap-
proach used the genome information of L. lactis strains
MG1363 and IL1403 to correlate the similarity level to
DNA microarray hybridization eﬃciency (see below).
Perfectly conserved genes in two strains should ide-
ally exhibit identical hybridization behavior in CGH.
Generally, DNA microarrays are used to describe the
genomic composition of an organism in a binary man-
ner: genes are either present or absent. Two studies try
to correlate hybridization eﬃciency to the degree of sim-
ilarity between genes [102,106]. In both, however, diﬃ-
culties are reported in determining these correlations
for a large number of genes. Establishing a correlation
between less divergent gene sequences and hybridization
signals is a challenging task to be tackled next.
To examine whether diﬀerential hybridization for a
given gene is due to diﬀerences in gene similarity levels,
DNA microarrays of L. lactis IL1403 were hybridized
with a mixture of randomly Cy3- or Cy5-labeled DNA
fragments from the L. lactis IL1403 and L. lactis
MG1363 (Baerends, R.J.S., van Hijum, S.A.F.T., Kar-
sens, H.A., De la Nava, J.G., Trelles, O., Kok, J. and
Kuipers, O.P., unpublished). As both genome sequences
are known, the competitive hybridization behavior of all
IL1403/MG1363 genes represented on the L. lactis
IL1403 DNA microarray could be studied. A clear posi-
tive correlation exists between gene similarity and the
obtained ratio for genes with a similarity of 75% and
more (Fig. 5). In Fig. 5 a number of additional L. lactis
IL1403 genes that are absent in L. lactis MG1363 are
shown. As expected, ratios lower than 1 were obtained
for all of these genes. Conversely, for tra 905, present
16 times in L. lactis MG1363 and only once in L. lactis
IL1403, a ratio 1 was obtained. The correlation be-
tween similarity level and hybridization eﬃciency, how-
ever, does not apply for all genes, which becomes clear
from the relatively large scatter in ratios at similarity
levels below 75% (Fig. 5). A possible reason for these
diﬀerences is that dilute probes on the slide lead to more
highly ﬂuctuating signals than concentrated probes.5.1. Comparing gene expression proﬁles across organisms
Comparison of global gene expressions of two iso-
genic strains by hybridization to a non-isogenic DNA
Fig. 5. Result of a CGH experiment of L. lactis MG1363 and L. lactis IL1403 DNAs hybridized on amplicon-based L. lactis IL1403 DNA
microarrays [54,55]. These slides contain duplicate spots of amplicons corresponding to all IL1403 ORFs. The genomic DNA of both strains was
labeled using the Invitrogen BioPrime DNA labeling system (Invitrogen, Carlsbad, CA). To exclude speciﬁc gene-with-dye interactions, dye-swaps
were performed for each replicate. The background-subtracted data of the slides were not normalized. The average ratios (vertical axis: L. lactis
MG1363 signals divided by the L. lactis IL1403 signals) were calculated for two replicates. Results are only shown for genes with reasonable coherent
measurements (a coeﬃcient of variance less than 50%). Gene similarity (horizontal axis: the percentage of conserved nucleotides) of L. lactisMG1363
ORFs to the sequences of L. lactis IL1403 amplicons on the DNA microarray was determined by FASTA (http://www.ebi.ac.uk/fasta33). Pink
squares: genes that are absent in L. lactisMG1363, as determined by similarity searches both on the DNA (BLASTN) and protein (TBLASTX) level
at a cut-oﬀ of 1030. Red closed circle: tra905, a gene which is present in 16 copies in L. lactis MG1363 and in 1 copy in L. lactis IL1403.
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ences in hybridization behavior of the two cDNAs on
the non-isogenic probes on the slide are the same.
Using the same methodology as in the ‘‘Express Fin-
gerprints’’ project (see above), heterologous transcrip-
tome comparisons, in which labeled cDNAs of two
non-isogenic strains are mixed and compared on a
DNA microarray of one of the two, could be per-
formed to proﬁle global gene expression in new strains
[99]. Heterologous transcriptome comparisons open
exciting possibilities of determining global expression
patterns of organisms of which the genome sequences
are not (entirely) known. The approach adds a next le-
vel of complexity to the analysis namely in the determi-
nation of the contribution of mRNA abundance rather
than sequence divergence to the observed ‘‘diﬀerential
expression’’ of genes. There are several other factors
that add to the complexity such as mRNA-speciﬁc dif-
ferences between two organisms in RNA isolation,
labeling and hybridization. To more reliably determine
the actual diﬀerential expression, CGH information
can be used to correct for diﬀerences in gene similarity
level [107]. However, the labeling methods for CGH
and cDNA synthesis should be similar to rule out dif-
ferences between CGH and transcriptome results due
to labeling methods.6. Global analyses of L. lactis – proteomics
The proteome, the total protein complement of a gen-
ome, is in most cases investigated by combining 2D gel
electrophoresis and protein identiﬁcation by peptide
mass spectrometry and peptide sequencing using an
MS–MS approach [108]. For proteome analysis the
nucleotide sequence of a genome has to be known to
be able to identify all proteins and products thereof,
although current high-throughput proteome analyses
using MS–MS identiﬁcation platforms generate peptides
masses and peptide sequences that can be directly com-
pared to the ever-increasing protein databases. A full
proteomics approach to understanding cell function
would also assess the activities and modiﬁcations of all
proteins as well as their cellular localizations, their inter-
actions and their occurrence in (protein) complexes. The
latter level of proteomics, called functional proteomics,
has not been implemented yet in a high-throughput
comprehensive way for L. lactis at the time of writing
this review.
Like transcriptome analysis, proteomics studies can
generate quantitative measures, in this case of protein
levels. Combining transcriptomics and proteomics data
one can determine whether regulation takes place at
the transcriptional or the post-transcriptional level.
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strains have been performed and will be described be-
low. A more comprehensive treatise of the subject, deal-
ing a.o. with the purine stimulon and with proteins
induced upon heat/cold shock or as a result of a shift
to low pH can be found in two recent papers [Kilstrup,
M., Nielsen, A.K., Pulka-Amin, M.D. and Rasmussen,
M.D., unpublished; 109].
6.1. Generation of L. lactis proteome reference maps
A number of proteomics studies aimed at identifying
all proteins, and in that way generating reference maps,
of L. lactis strains grown under speciﬁc conditions. The
ﬁrst reference map was a reference 2D polyacrylamide
gel (pH range 4–7) containing radioactively labeled pro-
teins ([35S]-methionine) of L. lactis MG1363 growing
exponentially in chemically deﬁned glucose-SA medium
[110]. Only a modest number of proteins, among which
the heat-shock proteins GroEL and DnaK and a few
glycolytic enzymes, were identiﬁed using Western blot-
ting and N-terminal protein sequencing. The map was
overlaid with a grid for easy mapping purposes. After
growth of L. lactis NCDO763, a strain from the
NCDO712 family described above and, thus, a relative
of L. lactis MG1363, in chemically deﬁned CDM med-
ium, proteins were electrophoretically separated by size
and pI (pH range of 4–7). Through silver staining 450
proteins could be detected, 15 of which were identiﬁed
by peptide mass ﬁngerprinting [111].
Several studies have made use of L. lactis IL1403. A
prediction of the distribution of all proteins putatively
expressed from the L. lactis IL1403 genome showed that
56% of the proteins make up the acidic sub-proteome
(all proteins with a pI between 3.4 and 7) and 43% con-
stitute the alkaline sub-proteome (pI > 7) [112]. Of the
alkaline proteome less that 10% has a pI between 7
and 9 [109]. The cytosolic acidic proteome of L. lactis
IL1403 has been examined after growth of the strain
in glucose-M17 [112]. Cytosolic proteins were separated
in the pH ranges 4–7 and 4.5–5.5 and, subsequently, 239
diﬀerent proteins were identiﬁed from 265 proteins
spots. This result represents approximately 25% of the
predicted acid proteome and has been made publicly
available in an L. lactis 2D database (http://genome.-
jouy.inra.fr/2dlactis/eng/index_eng.htm). All enzymes
of the glycolytic pathway were among the highly ex-
pressed proteins.
Codons of abundant transfer RNAs are overrepre-
sented in highly expressed genes [113]. A codon adapta-
tion index (CAI; between 0 and 1), which takes into
account the overall codon bias of the genome, is a good
predictor for the likelihood of identiﬁcation of a protein
in 2D protein analyses: all predicted proteins in the
acidic proteome of L. lactis IL1403 with a CAI value
above 0.8 were identiﬁed while 75% and 54%, respec-tively, of the proteins with CAI values of 0.7–0.8 and
0.6–0.7 were identiﬁed in the same study [112]. Of the
2049 ORFs of L. lactis IL1403 examined, the genes for
the translation machinery and for glycolytic enzymes
have the highest CAI values. The complete set of glyco-
lytic proteins was found to account for more that 20% of
the soluble acidic proteins, showing just how important
glycolysis is to this fermentative bacterium.
The reference map of the acidic sub-proteome of
L. lactis IL1403 was compared with that of L. lactis
NCDO763 grown under similar conditions [112]. Out
of 400 spots only 61 protein spots had a similar 2D-
gel location for both strains. Sixty-three of 100 protein
spots that did not have exact matches were shown to
map at slightly diﬀerent positions, most likely as a con-
sequence of amino acid changes between the corre-
sponding proteins in both subspecies. Twenty-six
proteins of L. lactis NCDO763, including the enzymes
for lactose assimilation, were not present in L. lactis
IL1403, which agrees with the fact that L. lactis
IL1403 is Lac due to the loss of the lactose plasmid.
A comparison of the cytosolic proteomes (pH 4–7) of
L. lactis NCDO763 grown on glucose or lactose showed
an induction of the proteins encoded by the lac operon
and the galactose operon on the latter sugar. A reduc-
tion of expression of the enzymes for the initial steps
of pyrimidine synthesis was observed during growth in
lactose, indicating that a link exists between the lactose
pathway and pyrimidine nucleotides metabolism [112].
The introduction of a number of technical improve-
ments has recently allowed analyzing the alkaline prote-
ome of L. lactis: all proteins with an isoelectric point
above 7 [114]. The alkaline proteome makes up almost
39% of all putatively expressed proteins of L. lactis
IL1403. Of 200 visible protein spots, 153 could be iden-
tiﬁed as being products of 85 diﬀerent genes: several pro-
teins are present as (multiple) isoforms. These and other
data have been stored in an online Proteome Database
of L. lactis named DynaProt2D (http://www.wzw.tum.
de/proteomik/lactis/) that has recently been published
[115]. The database contains 2D reference maps of
which the identiﬁed spots are clickable and linked to
information such as molecular weight, isoelectric point,
codon adaptation index, grand average of hydropathic-
ity and cellular localization. The database allows online
addition of gels and protein information.6.2. Quantitative proteomics
Three studies employ quantitative proteomics: the
determination of the fold-diﬀerence in expression of pro-
teins in a cell as a consequence of certain perturbations.
In fact, the study of Kilstrup et al. [110] described above
is an example of quantitative proteomics. Frees et al.
[116] followed protein expression with a [35S]-methio-
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L. lactis MG1363 to a low pH (pH 4.5 or 5.5). Over 20
proteins that were induced at pH 4.5 were identiﬁed.
Among these were proteins such as alkyl hydroperoxide
reductase and superoxide dismutase, which are involved
in oxidative stress tolerance, and the heat shock proteins
GrpE and ClpP. Using the same labeling method, Beyer
et al. [117] compared protein patterns of cells of L. lactis
MG1363 growing exponentially in chemically-deﬁned
glucose-SA medium with those during purine starvation
(purine depletion of a pur mutant or decoynine addi-
tion). Three stimulons could be identiﬁed: (i) Psu (purine
starvation up-regulated), containing the enzymes of the
purine biosynthesis pathway and those of the C1 units
required for purine biosynthesis. All genes were pre-
ceded by the so-called Pur-box, indicating that Psu-stim-
ulon members are part of the PurR regulon; (ii) Psd
(purine starvation down-regulated) encompassed pro-
teins involved in energy metabolism, protein synthesis
or GTPase function; (iii) Dcu (decoyine up-regulated)
contained enzymes of the glycolytic pathway and factors
involved in translation elongation.
Recently, Palmfeldt et al. [118] used quantiﬁcation of
spots after scanning of the 2D gel to determine the acidic
proteomes of L. lactis cells growing anaerobically on
glucose or maltose, and of resting cells metabolizing
maltose. Under the latter condition the cells did not
grow due to lack of an amino acid source. The results
of the proteomic studies were coupled to the physiology
of the cells. The maltose-metabolizing cells performed a
mixed acid fermentation; under the other two conditions
only lactate was produced. The cells growing on maltose
expressed more proteins than those growing on glucose
but only a limited number of these proteins had a direct
relation to maltose fermentation. The maltose consump-
tion rate in resting cells was approximately 3-fold lower
than that of the cells actively growing on this sugar. As
the enzyme levels under both circumstances were simi-
lar, this would indicate that regulation of maltose con-
sumption rate and the product formation pattern take
place at the level of enzyme activity rather than at the
level of protein production. During amino acid starva-
tion, in the presence of an energy and carbon source
(maltose), only little protein degradation or synthesis
takes place up to at least 15 h of starvation, while the
cells stayed metabolically active [118].
The application to proteomics studies of L. lactis of
new developments in the ﬁeld, such as diﬀerential 2D
ﬂuorescence gel electrophoresis, in which proteins from
diﬀerent samples are labeled with diﬀerent ﬂuorescent
dyes and quantitatively compared, unravelling of com-
plex protein sample using multiplex MS–MS approaches
in combination with high-capacity computing, as well as
the developments in the protein-chip technology, will
undoubtedly advance our understanding of this impor-
tant bacterium.7. Concluding remarks
The establishment of brute-force DNA cloning and
sequencing techniques in the mid nineties of the last cen-
tury has allowed the development of a novel ﬁeld of
genomics research. Concomitant advances in high-
throughput robotic and computational techniques, and
in bioinformatics research related to both the compre-
hensive analyses of large data sets and database manage-
ment, now allow performing proteomics and
transcriptomics research. The availability of the nucleo-
tide sequence of L. lactis permits to apply these technol-
ogies to this economically important bacterium. A ﬁrst
brief comparison of the genome sequences of the two se-
quenced strains of L. lactis, IL1403 and MG1363, al-
ready revealed interesting diﬀerences between the two
and a more thorough look at the nucleotide sequences
will undoubtedly uncover more, especially with respect
to their evolutionary relationship, the adaptation of
the strains to a milk environment and the diﬀerences
in their metabolic potential. The fact that we know or
have a relatively good estimation of the functioning of
only roughly 75% of the genes of either strain shows that
a lot still needs to be learned. Among these genes with
unknown function may be several that are of impor-
tance to, e.g., alternative metabolic routes or ﬂavour
development in products. The study of glucose metabo-
lism described above (Pool, W.A., Neves, A.R., Kok, J.,
Santos, H. and Kuipers, O.P., unpublished) revealed a
novel function of an annotated but poorly characterized
PEP-PTS system (ptcBAC). The study on nisin resis-
tance development has pointed to the involvement of a
number of uncharacterized proteins in this trait in
L. lactis and has extended this observation to similar
proteins in a number of other gram-positive bacteria.
One of the most important aspects of using transcripto-
mics analyses is the possibility it oﬀers to look at entire
gene regulatory networks that are operative in the
organism under study. As a ﬁrst step, the in silico anal-
ysis of the regulator content of L. lactis proved to be
very informative [119]. Comparing the diﬀerences in
the transcriptomes of regulator mutants with those of
the isogenic parent strains has enabled to deﬁne the reg-
ulons of a number of L. lactis regulators. Some of these
appeared to be very speciﬁc, controlling a relatively
small number of genes. On the other hand, the pleiotro-
pic regulator CodY of L. lactis regulates a wide range of
genes and operons. By combining the DNA microarray
results with bioinformatics techniques it was possible to
identify the operator of the CodY regulator, which had
been elusive until then. It will be extremely interesting to
apply similar approaches to the study of the various re-
sponses of L. lactis to diﬀerent stress conditions as, e.g.,
low pH, high lactate, – salt or temperature or, con-
versely, low temperature, diﬀerent types of starvation,
protein overproduction and – secretion, etc. As gene
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analysis of the response in time of the cells to changed
internal (mutations) or external conditions will be highly
clarifying. Clustering methods allow grouping of genes
based on their temporal expression proﬁles and have al-
ready been used to analyze the mRNA pools of L. lactis
cells in the diﬀerent stages of growth in batch culture
(Zomer, A.L., and Lulko, A.T., unpublished).
Other examples of the use of (oligonucleotide-based)
DNA microarrays are in the ﬁeld of strain typing and
characterization or in the quick analysis through CGH
of the genetic (metabolic) potential of new strains. Such
techniques could be used to identify and isolate novel
strains through non-invasive (non-recombinant) tech-
niques: using the fundamental insights of the kind of
genes that should be present for a certain phenotype,
or the level of expression of such genes, industry could
examine their strain collections for just those parame-
ters. Ultimately, with the pace of high-throughput nucle-
otide sequencing still increasing rapidly, and prices
going down concurrently, the possibility of ‘‘1000-dol-
lar’’ genomes may become a reality soon. Again, this
would give an enormous boost to both fundamental
and applied research, as it would permit sequencing
strains from the wide assortment of natural isolates, col-
lected already or still present in the uncharacterized ﬂora
in local traditional fermentation products around the
world. These strains represent a huge gene pool and po-
tential for new, that is, not yet exploited fermentation
capacity for feeding the worlds population with healthy
products.
Another important application of DNA microarrays,
in combination with proteomics studies, is their use for
the assessment of ‘‘substantial equivalence’’ of strains.
Using both technologies, the natural window of expres-
sion of all genes and the presence of all proteins of wild-
type industrial strains could be determined. The same
procedure could be used to deﬁne the proteome and
transcriptome of genetically modiﬁed strains or novel
‘‘natural’’ strains that are to be used in (large-scale
industrial) application but have not been used as such
yet. In this way, a measure of acceptability for use (in
foods) of the new strains could be derived, while
genes/proteins of which the expression levels are outside
the natural window could be examined with respect to
function and possible consumer risk.
DNA microarrays could also be very helpful in the
analysis of cell–cell interaction, being it the interaction
between cells of the diﬀerent bacterial strains or species
in starter cultures, between starter strain and food spoil-
age or pathogenic bacteria, or even of the food bacteria
with the cells of the consumer. Studies along these lines
should uncover important aspects of microbial ecology,
including bacteria–bacteriophage interactions, and
could reveal entirely novel ways of ﬁghting oﬀ unwanted
bacteria in foods or elsewhere. The global study of thecommunication between, especially, probiotic LAB
strains and the (intestinal) cells of the consumer might
reveal, e.g., important aspects of how these interactions
could be enhanced to improve the probiotic nature of
the bacteria.
Huge progress is also reported on the application of
high-throughput protein analysis and identiﬁcation
technology. Above we have seen the examples of proteo-
mic studies that aimed, ﬁrst of all, to establish protein
reference maps of L. lactis and detail the changes in pro-
tein proﬁles in response to changes in environmental
conditions. The application of proteomics tools in the
study of L. lactis will be of eminent importance for the
understanding of regulation that takes place at the pro-
tein level (protein modiﬁcation by degradation, phos-
phorylation, prenylation, etc.) and that will not be
recorded using transcriptomics. This ﬁeld of functional
proteomics, which also includes the study of the cellular
localization of protein (complexes) using, e.g., fusions of
the proteins of interest with epitopes or variants of the
Green Fluorescent Protein, and of protein-protein inter-
actions (recorded using, e.g., various formats of yeast-
or bacterial two- or three-hybrid systems) will undoubt-
edly take oﬀ soon. The studies presented above have
been performed after growth of cells of a single species
under laboratory conditions. Recently, Gagnaire et al.
[120] produced a reference map of a mixed bacterial
population (Lb. helveticus, Lb. delbrueckii ssp. lactis
and S. thermophilus) and identiﬁed proteins released into
Emmental cheese after lysis of the LAB. The analysis
showed that some peptidases from Lb. helveticus and
S. thermophilus are released into the cheese and, thus,
likely contribute to peptide degradation. The release of
bacterial enzymes in the curd and the subsequent docu-
mentation of casein degradation, both examined with
proteomics techniques, will be the next way to go for
the more applied (industrial) directions in product (qual-
ity) research.
L. lactis is a relatively simple bacterium fully geared
towards rapidly degrading lactose via a homofermenta-
tive pathway. It has a small genome and relatively few
paralogous genes. Tools to study it biochemically, phys-
iologically, and genetically and to grow it in small or
large quantities under very well-deﬁned conditions in
synthetic media are all in place. This makes the organ-
ism ideally suited as a model in a systems biology ap-
proach of understanding the intricacies of bacterial
life. Systems biology aims at understanding the emer-
gent properties of a biological system such as a bacterial
cell, ideally as part of an entire (microbial) community,
through examining the interactions of all genes, pro-
teins, other macromolecules, metabolites, and the envi-
ronment. Although a lot of hurdles still have to be
taken, especially with respect to getting together a con-
sortium diverse enough to include geneticists and micro-
biologists, mathematicians, biostatisticians, control
430 J. Kok et al. / FEMS Microbiology Reviews 29 (2005) 411–433theorists, (bio)chemists, computer scientists and system
engineers, it would be an exciting new way to go in re-
search on L. lactis. We are conﬁdent that such a thor-
ough analysis, involving transcriptomics, proteomics
and metabolomics research, backed up by state-of-the-
art bioinformatics and fundamental biological knowl-
edge, would not only lead to many novel fundamental
insights into Lactococcus growth and survival, but will
also deliver tools and know-how for novel practical
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